[1] The release of methane sequestered within deep-sea methane hydrates is postulated as a mechanism for abrupt climate change; however, whether emitted seabed methane reaches the atmosphere is debatable. We observed methane emissions for a blowout from a shallow (22 m) hydrocarbon seep. The emission from the blowout was determined from atmospheric plume measurements. Simulations suggest a 1.1% gas loss to dissolution compared to $10% loss for a typical low-flux bubble plume. Transfer to the atmosphere primarily was enhanced by the rapid upwelling flows induced by the massive discharge. This mechanism could allow methane suddenly released from deeper (>250 m) waters to contribute significantly to atmospheric methane budgets.
Introduction
[2] Atmospheric methane, CH 4 , is the most abundant organic compound in the atmosphere and an important greenhouse gas at least 20 times more potent than carbon dioxide, CO 2 [Khalil and Rasmussen, 1995] . Its atmospheric mixing ratio has more than doubled during the last century [Rowland, 1985] . CH 4 has both anthropogenic (360 -430 Tg yr Kvenvolden and Rogers, 2005; Prather et al., 1995] . Ranges of emission estimates are large, because as recently outlined by Reeburgh [2003] , numerous problems arise when quantifying sources and sinks within the CH 4 budget.
[3] Kvenvolden and Rogers [2005] estimate that the natural geologic source to the atmosphere from both marine and terrestrial reservoirs is 45 Tg yr
À1
. One of the contributing reservoirs is marine seepage associated with hydrate dissociation and leakage from deeper hydrocarbon reservoirs. The contribution of these seafloor sources to atmospheric CH 4 is uncertain due to the likelihood that some or all of the emitted CH 4 dissolves into the ocean during transit from the seabed to the sea surface [Clark et al., 2003; Heeschen et al., 2003; Leifer and Judd, 2002] . Global emission estimates for marine seeps (neglecting methane hydrates) are $10-30 Tg yr À1 [Kvenvolden et al., 2001] or $13% of natural emissions. Although seeps exist on all continental shelves , few quantitative emission rates have been published [e.g., Hornafius et al., 1999] ; thus the estimate is poorly constrained.
[4] Seepage emission estimates are mostly based on observations of gentle bubble emanations [e.g., Hornafius et al., 1999; Dimitrov, 2002; Washburn et al., 2005] ; however, features in marine sediments and underlying rock structures [Loseth et al., 2001] preserve widespread evidence indicative of blowout events (eruptions) that suddenly released large amounts of gas. Because the magnitude and frequency of these large events remains unknown, their contribution to seepage emissions is unquantified.
[5] Methane hydrate dissociation may play an important role in atmospheric CH 4 budgets and climate change [Dickens et al., 1995; Katz et al., 1999; Kennett et al., 2003; Norris and Röhl, 1999; Severinghaus et al., 1998 ]; however, dissolution in the water column presents a formidable barrier to hydrate CH 4 reaching the atmosphere in the tropics and midlatitudes MacDonald et al., 2002] . Here the timescale for microbial CH 4 oxidation in the deep-sea is $1 year [Watanabe et al., 1995; Valentine et al., 2001] , which is short compared to the timescale to diffuse to the winter mixed-layer, $50 years [Rehder et al., 1999] .
[6] Herein we present the first quantitative observations of a large, blowout seepage-event and associated bubble plume processes along with a numerical study of the event. We conclude that for large events, plume processes potentially can allow significant CH 4 to escape to the atmosphere from depths of many hundreds of meters. Given the vast estimated CH 4 hydrate (clathrate) reserves below the seafloor, 2 Â 10 15 g [Collett and Kuuskraa, 1998; Kvenvolden, 1999] , any process that enhances the marine CH 4 contribution to the atmosphere potentially is important to climate change.
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0 N, 119°53.428'W) in the Coal Oil Point (COP) seep field, near the University of California, Santa Barbara (Figure 1 ). The COP seep field releases to the atmosphere 1.15 m 3 gas s À1 ) [Clester et al., 1996] from $3 km 2 of seafloor. Seepage shows significant temporal variability, on timescales from seconds to decades Boles et al., 2001; Boles, 2005a, 2005b] .
[8] Intense seepage at Shane Seep escapes from vents centered in several pockmark-like hydrocarbon (HC) volcanoes, so termed because of their high tar to sand content ratio [La Montagne et al., 2004] . On 7 November 2002, two heavy iron chains were lain down along N-S and E-W lines that transected a HC volcano, which had formed a few weeks earlier. Several months later, video surveys showed the chain on the seabed except where it penetrated the volcano walls, demonstrating a depositional process for the formation of HC volcano walls. Observations described below suggest chain burial likely occurred from multiple gas blowout events.
Observations
[9] On 8 March 2002, SCUBA divers were at Shane Seep to measure the bubble plume's upwelling flow velocity, V up , Figure 1 . Coal Oil Point seep field, Santa Barbara Channel, California. Gray areas in main panel indicate regions of high bubble density determined from sonar returns . Inshore seeps were too shallow for sonar surveys. WCS is West Campus air pollution Station, and UCSB is University of California, Santa Barbara. the velocity water moves vertically owing to the rising bubbles, by introducing fluorescein dye into the bubble stream at the seabed and measuring its time of arrival at the sea surface [Clark et al., 2003] . Video cameras were situated at the seabed and 5 m above, at the sea surface, and in an airplane. A test dye release at 0845 Local Time (LT) yielded a 50-s transit time, V up $44 cm s
À1
, comparable to previous values [Clark et al., 2003] . Ten minutes before the airplane's arrival, divers reported that seabed seepage at the main HC volcano had virtually ceased (Figure 2a) . At 0936 LT a large gas ejection occurred at the seabed (Figures 2b and 2c) . Suddenly, three separate gas streams arose from the seabed, described by the divers as sounding like a freight train. The leading bubbles expanded very rapidly to several meters in diameter by 5 m above the seabed. Dye introduced into the bubble flow at the seabed a few seconds after the blowout (Figure 2d ) first was observed at the sea surface $7 s later (Figure 2e ), peak V up $ 300 cm s À1 , while the main mass of dye arrived $10 s after dye injection, V up $ 200 cm s
. Bubble plumes lift deeper, cooler water that forms a divergent outward flow of water at the sea surface. During the blowout, the area of outward flow expanded rapidly (Figure 2f ). Overflight images showed the dyed bubble stream transversing the water column, tilted by the currents (Figures 2g and 2h) . Meanwhile, seabed video showed tar pieces settled between the divers and vents in the area of the volcano walls and the continued emission of very large (>1 cm diameter) bubbles. After several minutes, the flux began decreasing slowly until seabed video showed a return to approximately normal emissions.
Atmospheric Plume
[10] In the onshore direction (47°) and 1.49 km distant from Shane Seep lies the West Campus air pollution monitoring Station (WCS), $0.7 km from the shoreline (Figure 1 ), which records standard meteorological parameters and total hydrocarbon (THC). The wind direction was onshore during the period of the ejection and the plume from the ejection was detected at WCS at precisely the time predicted on the basis of the wind speed.
[11] The mean 10-m wind speed, u, at WCS from 0930 to 0950 LT was 1.57 ± 0.15 m s À1 (Figure 3b ), yielding an advection time of 15.8 ± 1.6 min and a predicted arrival time of 0952 LT. The recorded THC (Figure 3a) showed a sharp increase at 0952 LT. THC levels were elevated an average 1.05 ppm above background for 6 min. Background was defined as the mean THC prior to the blowout, from 0935 to 0945 LT, and was 2.28 ppm, which is above global background owing to the dispersed input from the seep field. Plumes from other sources in the seep field also pass over WCS. For example, a plume from the Seep Tent Seep area (from 195°, 3.6 km from WCS), the largest concentrated area of seepage within the Coal Oil Point seep field, arrived at 1010 LT when the wind began shifting southward.
[12] Source strength, Q (m 3 s À1 ), was back-calculated from the WCS THC-data using a Gaussian plume model (2) is predicted time of arrival of plume, and (3) is the end of the event.
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where X and Y are the downwind and cross-wind distances from the source, respectively, Z is altitude, s Y and s Z are the horizontal and vertical standard deviation in the wind, respectively, and h is the emission height. Here h is assumed zero, because although CH 4 is lighter than air, its mixing ratio in the atmospheric plume under normal seepage and wind conditions is small. Both s Y and s Z are described by functions of X and depend upon atmospheric stability, which in turn depends upon solar insolation, surface roughness, and u.
[13] We assumed u, wind direction, q, and atmospheric stability were constant between Shane Seep and WCS. Wind veering likely was negligible along the plume trajectory owing to the proximity of WCS to the shoreline and lack of significant topographic features in the vicinity; WCS is just 6 m above sea level. Moreover beach thermals are not significant early in the morning.
[14] The blowout occurred midmorning under a clear sky. Thus two atmospheric stability cases were simulated, ''Briggs Turbulence'' for slightly unstable conditions with 2 < u < 3 m s À1 and surface roughness typical of the ocean at these wind speeds for light solar insolation (Case 1) and for moderate solar insolation (Case 2).
[15] For Briggs turbulence,
[16] Given C and the distance and direction to the source, Q can be estimated from equations (1) , with a similar low sensitivity to q. Sensitivity to u for a Gaussian plume is linear (for constant stability class); thus uncertainty in Q from u was $10%. The main uncertainty was associated with stability class, i.e., Case 1 versus Case 2. For the entire blowout event, the total emission, Q tot , was $160 m 3 or $70 m 3 , for Cases 1 and 2, respectively. In this study, the average Q from the two cases (Q = 0. (Table 1) indicate that nonmethane hydrocarbons were present in negligible concentrations. Thus for this study we use Q(THC) = Q(CH 4 ).
[18] Q in moles at the seabed must have been larger than at the sea surface due to gas loss by dissolution. Understanding this loss is critical to predicting the impact of seepage CH 4 on the hydrosphere and atmosphere. For gentle isolated bubble seepage, where bubbles are released sporadically or rise in bubble chains, even from shallow seeps like Shane Seep, most of the CH 4 is not directly transported to the atmosphere by bubbles. However, where bubbles are emitted as a plume, or more so from a blowout, plume processes can be significant [Leifer and Judd, 2002; Leifer and Patro, 2002] . Bubble plumes are regions of concentrated bubbles where the plume fluid properties (dynamic, physical or chemical) are significantly different from that of the surrounding ocean, such as the presence of an upwelling flow of water due to momentum transfer from the rising bubbles.
[19] Bubble plume processes that enhance bubble-mediated CH 4 transport to the sea surface include plume-water saturation that inhibits bubble dissolution, the generation of rapid upwelling flows that decrease transit time across the water column, and broader bubble size distributions, including very large bubbles that lose less gas than smaller bubbles during transit [Leifer and Judd, 2002; Leifer and Patro, 2002] .
[20] Bubble dissolution is driven by the concentration gradient across the bubble interface (based on Henry's Law). Thus an increase in the plume's aqueous CH 4 concentration decreases this gradient, slowing bubble dissolution. An enhanced upwelling flow decreases water column transit time. Also, the hydrostatic pressure decreases faster and as a result, the concentration difference between the bubble and surrounding water decreases faster, lessening loss of gas from the bubble. Larger bubbles have a greater volume, rise more rapidly, and have a higher volume to surface area ratio than smaller bubbles. Thus larger bubbles transport CH 4 to higher in the water column than smaller bubbles [Leifer and Judd, 2002; Leifer and Patro, 2002] .
[21] Both enhanced upwelling flows and larger bubbles were observed during the blowout, while increased plumewater methane concentrations likely also occurred, but were not measured. The relationships between these plume processes and CH 4 loss to the water column ultimately affects the amount of gas released to the atmosphere. These processes were studied with a numerical bubblepropagation model, described below.
Numerical Model Description
[22] The numerical bubble-propagation model solves the coupled differential equations that describe the time rate of change of bubble molar content, n, equivalent spherical radius, r, pressure, P, and depth, z, and is described by Leifer and Judd [2002] and Leifer and Patro [2002] . More recently, the model was improved to include pressuredependent effects, specifically, compressibility, and pressure-dependant solubility for CH 4 . Compressibility was incorporated as a lookup table with depth, which was derived from McCain [1973] and applied to the ideal gas law (PV = nzRT) where V is volume, R is the universal gas constant, and T is the temperature.
[23] Compressibility, z, enters the model in two manners, by increasing the initial n of the bubble and in the equation relating changes in the equivalent spherical radius, r, to changes in bubble pressure, P B , and n. The size change of the bubble is described by
where r W is the density of water, g is the gravitational constant, z is depth, P A is atmospheric pressure, and a is the surface tension. Equation (3) can be simplified by introducing a factor q, which is defined from the ideal gas law that converts moles into atmospheres, where q = RT/V, and V is bubble volume. In such case, equation (3) becomes
Compressibility is then introduced by defining q*,
[24] The model uses a third-fourth-order Runge-Kutta scheme to integrate the differential equations with lookup tables for empirical parameterizations such as the bubble rise velocity, V B , and the bubble gas-exchange rate, k B . Both V B and k B are parameterized in terms of r among other parameters. In reality, their dependency on r is owing to hydrodynamics of the flow around the bubble. This flow is strongly affected by bubble buoyancy, i.e., r. However, anything that affects the bubble surface state, such as surface-active substances (surfactants) and/or oil, affects bubble hydrodynamics and thus k B and V B . Contaminated bubbles have an immobile interface, which causes them to exchange gas slower and rise slower than clean bubbles. Clean bubbles have mobile interfaces. Outside the laboratory, bubbles always have some contamination, which the flow pushes toward the downstream hemisphere. Generally, some portion of the bubble's interface is immobilized (owing to a gradient in surface tension). However, unless the immobile portion of the bubble's interface extends more than 45°from the bubble's downstream pole [Sadhal and Johnson, 1983] , surfactants have negligible effect on the bubble's behavior and the bubble behaves as if it were clean. The result is that for a given contamination, larger bubbles behave clean, while smaller bubbles behave dirty with a transition between the two behaviors [Duineveld, 1995] . This transition has been observed experimentally at r $ 500-700 mm in seawater and is used in the model with a transition width of 250 mm.
[25] The model integrates a bubble in each size class from the initial depth and then integrates the solutions over the bubble-emission size distribution, F, for each seepage mode. F is the number of bubbles in each size class that is emitted at the seabed per second by a seep vent, i.e., the bubble flux. From this, the overall plume gas loss to the water column with respect to depth and to the atmosphere is calculated.
[26] Three different seepage modes were studied, minor, major, and blowout (see Figure 5 ). Minor vents produce single streams of bubbles with a narrow F. Major vents produce a larger and broader F than minor vents with bubbles escaping in a jet. The major vent F was well described by a power law, F = Ar À0.41 , where A is a constant . Laboratory studies [Blanchard and Syzdek, 1977; Tsuge et al., 1981] and field observations of normal seepage [Leifer and Boles, 2005a; Leifer and MacDonald, 2003] indicate that high flux (major) vents GB3008 LEIFER ET AL.: MARINE SEEP BLOWOUT 5 of 9
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produce a broad and weakly size-dependent F, which extends to very small and very large bubbles. In contrast, low flux (minor) vents produce a narrow F. The power law for the major vent was used for the blowout vent, with F ranging from 100 to 15000 mm. A was calculated so that the total CH 4 emission for the blowout from 22 m depth was 0.4 CH 4 m 3 s À1 at STP. The upper radius limit for the blowout F was estimated from surface visual and seabed video observations, which showed a wide range of bubbles to a few centimeters in diameter.
[27] The model is initialized with the seabed seep gas composition. At the seabed, gas from Shane Seep is primarily CH 4 (83%) and CO 2 (12%) with trace oxygen and nitrogen (2.21%) and nonmethane hydrocarbons (NMHC) decreasing from <3% ethane ( Table 2) . NMHC were simulated as ethane with a mole fraction of 3%. In the plume, aqueous CH 4 was elevated several orders of magnitude above seep-field background and was only weakly depth dependent: 51.5 and 49.8 mMol L À1 at the seabed and sea surface, respectively [Clark et al., 2003] .
Unfortunately, water samples were not collected to measure plume CH 4 concentrations for this unanticipated event. However, on the basis of the calculated blowout dissolution a fourth simulation was run for a blowout with elevated plume CH 4 , described below. Model output for the minor, major, and blowout simulations are shown in Figure 6 .
[28] Model validation was by comparison of predicted and observed sea-surface bubble gas composition for the non-blowout seepage modes (Table 2 ; minor and major). At the sea surface, bubbles were observed to be composed of CH 4 (78%), air (19.3%), and trace CO 2 (0.6%) and n-alkanes [Clark et al., 2003] . Although CO 2 loss increases the CH 4 mole fraction, air inflow decreases the CH 4 mole fraction. For the minor and major plumes, air in the bubbles at the sea surface was $5 and 21%, respectively (Table 2) . CO 2 outflow was very fast, with just 0.04% and 1.9% remaining at the sea surface, for minor and major, respectively. Mole fractions for the major and minor vent plumes ''bracket'' the observed sea-surface, bubble mole fractions. This is expected since the surface plume consists of bubble from both the main major vent and the numerous surrounding minor vents. Moreover, the major plume does a better job simulating CO 2 , while the minor plume was better for air. Again, this is consistent because soluble gases are more efficiently transported by larger bubbles, which were found almost exclusively in the major plume.
[29] CH 4 loss was greatest for the minor plume, about half of the seabed emission, while the major plume only lost $10%. However, for the blowout, CH 4 loss was just 1.11%. For the blowout simulation, the sea-surface CH 4 mole-fraction was less than for the major plume, which is explained by the decreased CO 2 outflow and air inflow.
Estimation of Blowout Plume Elevation
[30] To test the significance of enhanced dissolved CH 4 in the plume, a fourth simulation was run for plume CH 4 based on the blowout simulation. For the blowout, total gas loss during transit of the water column was 1.11% of the seabed emission of 17.0 moles s À1 , i.e., 0.19 moles dissolved. On the basis of the sea-surface, midwater, and seabed observations, we assumed a conical blowout plume, 1 m diameter at the sea surface (Figure 2f ) and 22 m tall (volume of 23 m 3 ). For this plume, plume CH 4 concentrations would have been elevated $8 mmol L À1 above normal. This is conservative Figure 5 . Bubble emission size-distributions, F, versus bubble radius, r, used in numerical simulations for different seepage modes: a minor plume (stream of solitary bubbles), a major plume (strong upwelling flow) Boles, 2005a, 2006] , and a blowout plume (labeled on figure) . Note that the blowout F is multiplied by 0.1. Also shown is the least squares fit to the major plume over the radius range 700 -5000 mm. as it neglects plume loss to the bulk ocean, which would lead to lower enhancement of CH 4 .
[31] A simulation with plume concentrations elevated by 8 mmol L À1 (i.e., 58 mmol L
À1
) showed negligible difference in terms of methane dissolution from the non-elevated blowout simulation. In fact, a sensitivity study where plume concentrations were elevated by 100 mmol L À1 (i.e., 150 mmol L
) also showed negligible difference from the blowout simulation, 1.096% lost versus 1.107% dissolved. The effect was small because 150 mmol L À1 CH 4 is $5% of CH 4 saturation mid water-column.
[32] Thus for the blowout from this very shallow seep, the primary factor enhancing CH 4 transport to the atmosphere was the rapid upwelling flow. There simply was insufficient time for the plume water to become significantly saturated. A simulation of the blowout event with V up = 10 cm s À1 lost approximately 7 times the loss of the simulation using the observed V up = 200 cm s
. Also, the presence of very large bubbles with their greater volume significantly aided CH 4 transport; bubbles larger than 5000 mm transported 75% of the CH 4 .
[33] For deeper blowout seepage, CH 4 loss increases. Simulating the blowout from 250 m depth showed greater, but still small CH 4 loss, $9% of the initial CH 4 . For comparison, the major vent plume at 250 m lost $66% of its original CH 4 and the minor plume 100%. Thus if a seep blowout of comparable magnitude occurred at even greater depths (near the hydrate stability depth) and generated similarly strong upwelling flows, a significant fraction of its CH 4 potentially can reach the atmosphere.
Discussion
[34] This study presented the first quantitative observation of a blowout or eruptive emission from natural marine seepage. However, although emissions during the event were significantly elevated, prior to the eruption emissions were observed to stop at the vent site (observations during a scuba dive 1 hour earlier showed normal emissions at the seabed). Thus overall emissions for the event may or may not have been greater. In fact, Leifer and Boles [2005b] concluded that for a much smaller ejective event at Shane Seep, the main impact of the ejection was after the event when flux was elevated above normal for a significant time period. This was interpreted as due to the ejection having reduced resistance within the seepage pathway(s). Thus it is unclear if blowout seepage increases overall seepage, or (in a time and spatially averaged sense) is a zero sum effect. Instead, the significance of blowout emissions was the plume processes that allowed much more of the emitted methane to reach higher within the water column and to the atmosphere than for normal seepage. As a result, blowout seepage may allow geologic methane from seeps at depths that normally do not reach the atmosphere to contribute to atmospheric budgets.
[35] The model's conclusions strongly suggest that bubble-mediated CH 4 transport is enhanced significantly for a blowout event. The results suggest that deep blowoutseepage transports CH 4 much higher into the water column than normal seepage. Even for seeps much deeper than those addressed in this study, a significant fraction of blowout seepage methane should reach the winter-mixed layer. For example, under normal seepage, acoustic data shows normal seep bubble plumes can persist for many hundreds to more than 1000 m [Merewether et al., 1985; Sauter et al., 2005] . The methane from these plumes that reaches the winter-mixed layer (which is a few hundred meters deep in areas such as the North Atlantic) likely diffuses across the air-sea interface to the atmosphere, because microbial oxidation timescales are longer than mixing times in the upper ocean layer [Rehder et al., 1999] .
[36] It must be noted that the model includes various simplifications. For example, one model simplification is that ambient conditions were assumed constant across the water column. Likewise, the upwelling flow may vary within the water column, decreasing as the plume rises. The plume radius at Shane Seep increased only 50 cm over its 22-m rise, a spreading angle of 1.3°. Had it spread more rapidly the upwelling flow would have decreased, perhaps significantly.
[37] Moreover, the efficiency with which the plume transports methane should increase with the blowout magnitude. Thus larger blowouts with greater upwelling flows should transfer gas more efficiently than smaller events. A striking example was the blowout at the Haltenbanken platform, offshore mid-Norway from 240 m [Hovland and Judd, 1988] . The resultant plume reached the sea surface still compact and very intense. This indicates that strong upwelling flows were coherent throughout the water column.
[38] For hydrocarbon seeps like Shane Seep, blowouts likely result from tar blockage that is then blown clear by an increase in pressure [Hovland, 2002; Leifer and Boles, 2005a] . Deposition of some tar on the HC volcano walls was observed in the video and suggests that burial of the Table 1 of which macro seeps such as discussed herein are the major component. One prominent source of geologic CH 4 is eruption from mud volcanoes [Dimitrov, 2002; Kopf, 2003] . Many mud volcanoes have been surveyed in the marine realm [Milkov, 2000] . Eruptions from these sources along with the sudden dissociation of marine methane hydrates could be another (abrupt) source of geologic CH 4 to the atmosphere.
Conclusions
[40] Our study here suggests that the rate of discharge is an important factor in determining whether CH 4 released from ocean depths beyond the continental shelves can reach the atmosphere. The answer is likely controlled by the magnitude of the sudden discharge, which if large enough will allow transport of CH 4 to the sea surface with minimal dissolution in the ocean. This may be significant both to understanding past rapid climate changes [Kennett et al., 2003; Severinghaus et al., 1998 ], but also the implications of warmer future oceans [Archer and Buffett, 2005] .
[41] This study was possible owing to several fortuitous circumstances including wind that advected the seep plume to an air pollution measurement station, which allowed the back calculation of the source strength. Moreover, the results suggest the importance of large transient emissions that owing to plume processes allow the CH 4 to reach far shallower depths in the ocean than for significantly smaller, continuous emissions. However, assessment of the blowout contribution requires knowledge of the frequency and magnitude of such events. One approach to address this would be deployment of a measurement station in the prevailing downwind direction from the target seep area. Another approach would be the long-term deployment of a seabed monitoring station near a seep area. Such a station might include a turbine tent [Leifer and Boles, 2005b] specifically designed to respond to the high flow rates during a blowout and include a sea-surface monitoring station to record the arrival time of colder, deeper water. Other approaches could include a side-viewing sonar monitor installed at the seafloor.
[42] This research presented the first quantitative estimates of methane transport from the seafloor to the atmosphere from a blowout seepage event. During blowout seepage, vertical methane-transport efficiency is enhanced so that virtually all the methane from a shallow seep reaches the atmosphere. A model study suggests that given sufficient blowout size and resultant upwelling flow, efficient methane transport to the sea surface could occur from depths of hundreds of meters or greater, possibly near the depths of the hydrate stability boundary. Therefore we suggest that our present study has identified a process that enables rapid climate change by massive methane bubble releases from sudden decomposition of hydrates.
[43] Long-term monitoring of seeps to quantify blowout characteristics (upwelling flow velocities, bubble plume size distributions, and plume aqueous concentrations) will be required to provide data for accurate modeling. Also needed is an understanding of the frequency and magnitudes of these events. Blowout emissions allow methane to transit the water column from great depth, implying that the marine seep contribution to atmospheric methane budgets likely is underestimated.
